Abstract. The influence of hydrogenation parameters on the hydrogen sorption rate by commercially pure titanium alloy coated by nickel layer was investigated. Sievert apparatus was used for investigation of hydrogen interaction with commercially pure titanium alloy. It was shown that increasing the coating deposition time from 10 to 50 minutes reduces the hydrogen sorption rate more than 7 times. With increasing temperature from 350 °C to 550 °C the hydrogen sorption rate increases more than 20 times in the pressure range of 1-2 atm. Increasing the hydrogen pressure in the chamber from 1 to 2 atm. accelerates the hydrogenation process by several times. The activation energy of hydrogen adsorption increases with hydrogenation pressure.
INTRODUCTION
Titanium and titanium-based alloys are widely used in medicine, gas, oil and aerospace industries as construction materials due to their high mechanical properties [1, 2] . Hydrogen interaction with such materials is actual problem studied for many years. The penetration and accumulation of hydrogen in titanium structural components lead to degradation of physical, mechanical and operational properties caused by hydrogen embrittlement and delayed hydride cracking [3, 4] .
Hydrogen interaction with metals includes following processes: adsorption, absorption and diffusion of hydrogen in the bulk of the material. The main role of each process changes under different hydrogenation conditions. For example, gradient depth distribution of hydrogen can be obtained when the bulk diffusion is much slower than the process of hydrogen absorption, or uniform distribution when the rate of bulk diffusion is equal or greater than hydrogen absorption by the surface [5] . Another important factor influenced the adsorption process is the state of surface, especially for easily oxidized materials. For example, different surface modification and coating deposition methods are used to prevent hydrogen penetration [6] [7] [8] [9] [10] . However, to investigate the mechanism of hydrogen interaction and sorption kinetics of titanium alloys it is necessary to simulate different hydrogen penetration conditions, in particular to control hydrogen absorption rate. Thus, it is also necessary to investigate high rate hydrogen sorption by titanium alloys that can be achieved by deposition of thin nickel layer on the metal surface. Nickel has a high physical adsorption of hydrogen and permeability that increases hydrogen sorption rate. Furthermore, the oxidation rate of nickel is significantly lower than that for titanium alloy which promotes hydrogen adsorption [11] [12] [13] . On the other hand, hydrogen sorption rate depends on the hydrogenation parameters. The main hydrogenation parameters are temperature and pressure in the reaction chamber [3, [14] [15] [16] [17] .
Thus, the aim of this work is to study the influence of hydrogenation parameters on the kinetics of hydrogen sorption by commercially pure titanium alloy with nickel layer deposited by magnetron sputtering.
MATERIAL AND METHODS
The samples with the fixed size of 20×20×1 mm were cut from commercially pure titanium alloy and used as a substrate material. Initially, the samples were polished to the average roughness R a of 0.05 μm to remove oxides and organic contamination from the surface. After polishing, the samples were subjected to argon ions bombardment at 1500 V and 0.3 A for 5 min. Finally, nickel was deposited by magnetron sputtering using "Raduga Spektr" equipment.
Hydrogenation of the samples was performed from gas atmosphere using Gas Reaction Controller LPB (USA). The chamber was evacuated and heated to 350, 450 or 550 °C with the heating rate of 6 °C/min. After heating, the chamber was filled with hydrogen. They were kept in a hydrogen atmosphere at constant pressure of 1, 1.5 and 2 atm for 1 hour and slowly (at the rate of 2 °C/min) cooled.
The calculation of adsorption activation energy consists of two stages: calculation of hydrogen absorption rate q in the initial region of hydrogenation; linear approximation of the relation between natural logarithm of hydrogen sorption rate lnq and inverse temperature 1000/T. The resulting value of adsorption activation energy determines by the relation [18] : (1) where R -gas constant (8.314 Jmol
, q -hydrogen absorption rate (wt.%/sec) and T -temperature (K).
RESULTS AND DISCUSSION
Nickel coatings were deposited on titanium alloy by magnetron sputtering for 10-50 minutes to study the material sorption properties. Discharge power and argon pressure in the chamber were 2.2 kW and 0.12 Pa, respectively. At the next stage the samples were saturated by hydrogen from the gas phase at a temperature of 450 °C. for 1 hour. The pressure in the chamber was 2 atm. The highest hydrogen sorption rate is observed for samples with 10 and 20-minutes deposition of nickel. For the remaining samples, increasing deposition time leads to decreasing the sorption rate due to peeling of the coating. Evaluation of hydrogen sorption rate was performed on linear region of hydrogen sorption curves as slopes of curves (Figure 1 ). Sorption rate calculation results are shown in Table 1 . 
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Depending on the nickel coating deposition time changes hydrogen sorption rate of titanium alloy. In this case the hydrogen sorption rate reduced more than 7 times with increasing deposition time of 10 to 50 minutes. Reducing the hydrogen sorption rate could be associated with changes in structure and morphology of the nickel layer as well as the formation of defect structure in the coating that prevents the diffusion of hydrogen deep into the material.
Samples hydrogenation was conducted at temperatures of 350 °C, 450 °C, 550 °C and hydrogen pressures in the chamber of 1 atm., 1.5 atm., 2 atm. Hydrogen sorption curves shown in Figure 2 . For all samples at different hydrogenation pressures are observed a significant increase in intensity of hydrogen accumulation with increasing hydrogenation temperature. Thus, at the hydrogenation temperature of 350 ° C the hydrogen content in the sample was 0.25 wt.%, while at 450 °C was 3.25 wt.%. Furthermore, it should be noted that the maximum possible concentration of hydrogen in the titanium alloy is 4.04 wt. %, which corresponds to the stoichiometric titanium hydride TiH 2 . Upon reaching the limit of the hydrogen concentration in the titanium alloy at a specified temperature the sorption curves reach saturation. Increasing the hydrogen pressure in the chamber increases the hydrogen absorption rate for the entire temperature range. The time to reach limit of the hydrogen concentration in the titanium alloy at a temperature of 550 °C reduces from 1200 to 750 seconds with increasing hydrogen pressure in the chamber from 1 to 2 atm. respectively. Thus, with increasing hydrogenation temperature increases the hydrogen diffusion rate in the titanium alloy, while the increase in the hydrogen pressure in the chamber creates a concentration gradient that promotes more intensive hydrogen diffusion. Calculation results of the hydrogen sorption rate of technically pure titanium with nickel coating are shown in Table 2 . The hydrogen sorption rate at hydrogenation temperatures of 350 ° C , 450 ° C and 550 ° C increases by 3.4, 1.8 and 1.8 times, respectively, at change hydrogen pressure from 1 to 2 atm. An important stage of the hydrogenation process of the titanium alloy is a hydrogen adsorption process. The main parameter that characterizes adsorption process is the hydrogen adsorption activation energy by surface. Thus, the hydrogen adsorption activation energy was determined from the temperature dependences of the sorption rate (Fig. 3) , measured at hydrogen pressures in the chamber of 1, 1.5 and 2 atm. The calculated values of the adsorption activation energy are shown in Table 3 .
(c) It is found that increasing hydrogen pressure in the chamber increases the adsorption activation energy. Hydrogen adsorption activation energy of titanium alloy with the nickel coating increases by 1.7 times at increasing the hydrogen pressure in the chamber from 1 to 2 atm. 
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CONCLUSION
The influence of hydrogenation parameters on hydrogen sorption rate of commercially pure titanium alloy with the nickel layer deposited by magnetron sputtering was studied. The following conclusions could be drawn from the data.
Increasing the coating deposition time from 10 to 50 minutes reduces the hydrogen sorption rate more than 7 times. However, it necessary to carry out further comprehensive studies to determine the mechanisms of hydrogen interaction with the varying thickness nickel coatings.
The hydrogen sorption kinetics of commercially pure titanium is strongly influenced on the hydrogenation parameters. The largest contribution in the adsorption rate changes makes hydrogenation temperature. The temperature increase from 350 °C to 550 °C leads to hydrogen sorption rate change more than 20 times in the pressure range of 1-2 atm. Furthermore, increasing the hydrogen pressure in the chamber from 1 to 2 atm. accelerates the hydrogenation process by several times. In this case, the hydrogen adsorption activation energy increases with the hydrogenation pressure.
